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Srf tWn , °Tl ( an l mo, «" lal cl f in S of the family of the bone morphogenelic proteins (BMPs) have 
1 ah Z ?« °^ ^ CeUUlar m ° leCUlar anaIySiS ° f b ° ne le^elopment and regeneration. A carrier 

. substratum is required, however, to optimize osteogenic activity initiated by BMFs bound to the surface of 
j the carrier Native and recombinant human (rh) BMPs induce local endochondral bone formation in conjunc- 
; ion with the ■ uisoluble collagenous bone matrix, the inactive residue obtained after dissociative extraction of 
| the matr.x with chaotropic agents. While the cellular and molecular biology of BMPs and related members is 
advancing at a furious pace, progress in the formulation and implementation of novel delivery systems has 
been slow. The creation of inorganic nonimmunogcnic carriers with defined geometries capable of deliver- 
ng BMPs in the absence of the collagenous matrix is a crucial goal for skeletal ^constructionists and mo- 
; lecular biologists alike. Significant advances in skeletal reconstruction may be expected when novel carrier 
■ substrata are implemented for delivery of optimal doses of now available recombinant human BMPs. 
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; The cellular and molecular biology of bone tion of bone differentiation in heterotopic 

J development and regeneration is a central s i tes by demineralized bone matrix repre- 

< problem for skeletal reconstructionists. sen ts evidence of a bone morphogenetic 

There is a direct relationship between protein complex within the extracellular 

growth and differentiation in early devel- matr ix of bone (37, 65, 67). The tissue re- 

opment and regeneration: postfetal os- sponse elicited by subcutaneous implanta- 

teogenesis, such as fracture repair, may be tion of demineralized bone matrix is remi- 

considered to recapitulate events that occur niscent of embryonic bone development 

m the normal course of embryonic bone though a single cycle of endochondral bone 

development (35). The reproducible initia- formation is evident (34, 35). 
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TABLE 1 

BMP and TGF-$ families and bone induction: specificity and redundancy (modified 
from Reddi, 1992, re/36). 



BMP-2, BMP-4 + 

BMP-3 (osteogenin) + 

BMP-5, BMP-6 + 

OP-1 (BMP-7) + 

OP-2 (BMP-8) ? 
TGF-pi, 2 
ACITvTNA 
JNHIBIN A 

DPP + 

60A + 

Vg-1 ? 

GDF-1,2,3,9,10 ? 

Bioassay for in vivo cartilage and bone induction +, positive; -, negative; ?, unknown 



The observation that demineraiized bone 
matrix could be dissociatively extracted and 
inactivated with chaotropic agents (such as 4 
M guanidine-HCl), and the osteogenic activ- 
ity restored by reconstituting the inactive 
residue (mainly insoluble collagenous ma- 
trix) with solubilized protein fractions (53), 
confirmed the existence of bone morphoge- 
netic proteins (54, 68, 69), and triggered a 
race for their purification (36, 41, 52, 66, 75, 
81 for reviews). 

The newly characterized family of bone 
morphogenetic proteins (BMPs) holds a real- 
istic potential for the therapeutic reconstruc- 
tion of the bone-bone marrow organ. Signifi- 
cant obstacles to their delivery, however, still 
limit the utilization of these molecular initia- 
tors as therapeutic agents. 

The aim of this paper is to present a con- 
cise review of BMPs, and to focus selectively 
on different classes of carriers and substrata 
as delivery systems for them. Only the for- 
mulation and bioassay of osteogenic delivery 
systems with complete host acceptance and 
biological integration will established the po- 
tential therapeutic application of BMPs for 
craniofacial and orthopedic conditions. 



THE BONE MORPHOGENETIC : 
FAMILY AND RELATED MEMBE1 

The operational reconstitution of s 
protein fractions (the soluble signal 
inactive collagenous bone matrix 
soluble substratum) was a key e: 
that provided a bioassay for bona 1 
tors of cartilage and bone different 
53). It is noteworthy that by thems< 
ther the solubilized proteins nor the 
collagenous matrix were active: h> 
combination of the two restored < 
activity in an extraskeletal bioass 
dents (36, 53). This functional bioe 
vided the starting-point for the pi 
of native bone morphogenetic 
(BMPs), which was followed by 
cloning and expression of the re< 
human proteins (20, 76, 80). Oi 
BMPs, osteogenin, was isolated frc 
bone matrix by heparin-affinity cl 
raphy, and purified to homogeneit 
troendosmotic elution after prepa 
dium dodecyl sulfate gel electrophc 
The amino acid sequence of the tr 
tides was determined and foui 
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unique (20), The amino acid sequence of os- 
teogenin is identical to the sequence deduced 
from the cDNA clones of one of the recently 
characterized human bone morphogenetic 
proteins, BMP-3, cloned and expressed inde- 
pendently by Wozney et al. (80). Later, native 
osteogenin was also isolated and purified to 
apparent homogeneity from baboon bone 
matrix (46). Since the identification by mo- 
lecular cloning approaches of human BMP-2a 
(now known as BMP-2), BMP-3 (osteogenin) 
and BMP-2b (now known as BMP-4) (80), 
several other BMPs, also called osteogenic 
proteins (OPs), have been identified, cloned, 
and expressed (5, 29, 56). The family of the 
BMPs /OPs is summarized in Table 1. Ex- 
pression of the recombinant human proteins, 
with confirmation of their osteogenic activity 
in ectopic bioassay, has now been obtained 
for BMP-2 through BMP-7. 

The BMPs show sequence homologies 
with members of the transforming growth 
factor-p (TGF-P) family (5, 29, 80), widely 
distributed in vertebrates and invertebrates 
(62). The BMPs including osteogenin (BMP- 
3), are related to developmental^ critical 
regulatory genes such as the decapentaplegic 
(dpp) in Drosophila, which is implicated in 
dorsal-ventral specificaton (8), the 60A gene 
also in Drosophila, the expression of which 
suggests a role in embryonic mesoderm and 
ectoderm determination (79), and the vegetal 
(Vg-1) in Xenopus (78), with the Vg-l-related 
murine protein Vgr-1 (21). Other members of 
the TGF-P superfamily that share sequence 
homology with BMPs are the Mullerian in- 
hibiting substance (MIS), which causes re- 
gression of the Mullerian duct during male 
development, and activins and inhibins, 
implicated in follicle-stimulating hormone 
release (60). More distantly related to these 
are the growth and differentiating factors 
(GDF-1, -2, -3, and -9) the biological functions 
of which have not yet been determined (17, 
18,24). 

The fact that BMP-2 through -7 singly ini- 
tiate endochondral bone formation in the ec- 



topic bioassay raises an important question 
as to the biological relevance of this redun- 
dancy (36). The striking evolutionary conser- 
vation of the BMP genes indicates that they 
are critical in the normal development and 
function of animals. In addition to postfetal 
osteogenesis, the BMPs play multiple roles in 
embryonic development, including skeleto- 
genesis, and may be involved in inductive 
events unrelated to bone induction that con- 
trol pattern formation during embryonic or- 
ganogenesis (16, 22, 23, 74). Moreover, the 
high levels of homology between dpp and 
60A genes in Drosophila and human BMP-2, 
-4, and BMP-5, -6, and -7 respectively, raises 
further questions concerning the primordial 
role of BMPs during the emergence and de- 
velopment of invertebrates (36). Because of a 
possible possible evolutionary and functional 
conservation of these genes, they might have 
retained common developmental roles (79). 
Compelling evidence that these genes have 
been conserved for at least 600 million years 
is the' exciting observation that recombinant 
Drosophila proteins, DPP and 60A, have the 
capacity to induce endochondral bone for- 
mation in mammals using the rat subcutane- 
ous assay (58). 

BMP-2 through -7 also share a limited 
homology with TGF-P molecules (5, 29, 80). 
The TGFs-P are themselves multifactorial 
regulators of cellular growth in developing 
systems, and can influence a wide variety of 
differentiation processes, including chondro- 
genesis, hematopoiesis and epithelial cell dif- 
ferentiation (62). While TGF-P molecules are 
most abundant in the extracellur matrix of 
bone (61), their in vivo role in bone regula- 
tion is not clear. The initiation of endochon- 
dral bone in the extraskeletal subcutaneous 
space in rodents permits the unambiguous 
bioassay of bone inductive molecules (36, 39). 
It is noteworthy that TGF-p]^ either purified 
from human platelets or expressed by re- 
combinant techniques does not initiate endo- 
chondral bone formation in the in vivo bioas- 
say (11, 54). Thus, the term initiation (or in- 
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duction) of bone formation should be re- 
served for a phenomenon elicited by BMPs 
and related molecules (36, 39). (Table 1). It is 
likely, however, that after the initiation of the 
first wave of bone differentiation by BMPs, 
the osteogenic cascade may be promoted and 
maintained by a variety of growth factors, 
including TGF|3 (4, 39). 



DELIVERY SYSTEMS FOR 

BONE MORPHOGENETIC PROTEINS 

Osteogenesis involves the orderly migration, 
proliferation and differentiation of precursor 
osteogenic cells into functional osteoblasts. 
Vascular invasion osteoblast differentiation 
and osteoid deposition ultimately result in 
the construction and remodeling of the cellu- 
lar and extracellular matrix of bone. While 
the characterization of the BMP family may 
help to elucidate the molecular mechanisms 
underlying the initiation of bone formation, 
precursor osteogenic cells must attach to the 
solid substratum of extracellular matrix to 
spread, proliferate, and eventually differenti- 
ate (35). 

Thus, a carrier substratum is required for 
opdmal delivery of osteogenic activity initi- 
ated by BMPs bound to the surface of the 
carrier. The restoration of biological activity 
after dissociative extraction and reconstitu- 
tion of BMPs with insoluble collagenous ma- 
trix indicates that components of the extra- 
cellular matrix of bone act as carriers for the 
functional expression of BMPs (53). Native 
and recombinant human (rh) BMPs induce 
local endochondral bone formation when re- 
constituted with the insoluble collagenous 
bone matrix, the inactive residue obtained af- 
ter dissociative extraction of the bone matrix 
with 4 M guariidine-HCl (11, 20, 46, 56, 57, 
76, 77) (Fig. 1). 

Previous studies have shown that the in- 
soluble collagenous carrier provides an op- 
timal substratum for recruitment and an- 
chorage of progenitor cells, and subsequent 




Fig. 1. Photomicrograph of a histological section of 
an implant of rat insoluble collagenous matrix (M) 
reconstituted with osteogenin (BMP-3) purified to 
homogeneity by electroendosmotic elution, and har- 
vested on day 11 after subcutaneous implantation in 
a rat. Bone differentiation after vascular invasion 
and chondrolysis (toluidine blue, xl45) (Source: Ri- 
pamonti et al„ Matrix 12: 369, 1992, with permis- 
sion). 



proliferation and differentiation into os- 
teoblasts (27, 32, 34). The importance of col- j 
lagenous matrix in development and regen- j 
eration has been extensively demonstrated j 
(35). In addition, this matrix may prevent 
premature diffusion at the site of surgical 
implantation (6, 39, 53), and protect BMPs j 
from nonspecific proteolysis. Moreover, the j 
collagenous carrier acts as a provisional sub- j 
stratum until replaced by new bone. 
RhBMPs, in conjunction with the insoluble 
collagenous carrier, have been shown to re- 
generate long bone defects in rats (83) and 
mandibular nonunions in dogs (64). The de- 
livery of solubilized BMP fractions using 
purified collagenous preparations has alsc 
been reported in heterotopic and orthotopic 
sites (6, 26, 28). 

It is noteworthy that angiogenic and bone j 
morphogenetic proteins bind to extracellulai 
matrix components. Osteogenin (BMP-3), 
rhBMP-4 and TGF-pi bind to type IV colla- 
gen (30, 31), which is an integral componenl 
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: basement membranes including the basal 
mina of blood vessels. Thus type IV colla- 
3n and other extracellular matrix compo- 
ants (9, 73) may function as a delivery sys- 
m for both angiogenic and bone morpho- 
;netic proteins during bone development 
id regeneration (30, 31). Moreover, this 
.ay link angiogenesis to osteogenesis, since 
.pe IV collagen is a major constituent of 
jscular basement membranes. In recent ex- 
'riments, the discovery of the affinity of 
VIP-3 for type IV collagen was used to test 
e osteogenic activity of BMP fractions 
jund to type IV collagen (19). 
As a proteinaceous substratum, however, 
e use of the insoluble collagenous matrix 
id other collagen-based materials as deliv- 
y systems for BMPs is associated with a 
amber of drawbacks. These include inher- 
it weak mechanical performance, immuno- 
:nic response, and potential transmission of 
ral antigens. In recent years, the quest for a 
utable implant to initiate and promote bone 
generation has led to the development of 
imposites of bone-inductive preparations 
id porous biomaterials as biological alter- 
itives to autogenous bone grafts. Thus, a 
tional approach to bone regeneration is the 
eation of osteogenic composites of porous 
omaterials and purified BMP preparations. 
In recent experiments, it has been shown 
at the biological activity of native os- 
Dgeruii fractions could be restored and de- 
'ered by a substratum with defined geome- 
/ other than the insoluble collagenous ma- 
x (47). Adsorption of osteogenin (BMP-3) 
ictions onto porous hydroxy apatite re- 
lted in bone formation within the porous 
aces and in direct apposition to the inor- 
nic substratum when implanted ex- 
lskeletally in rodents (47). In these experi- 
snts, the formation of bone within the cen- 
il porous spaces of the hydroxyapatite im- 
ants was noteworthy. This contrasted 
arkedly with results obtained using solubi- 
;ed extracts of bone matrix delivered into 
itered porous hydroxyapatites (15, 63). In 



both experiments after extraskeletal implan- 
tation bone formed only at the periphery of 
the hydroxyapatite implants. Moreover, bone 
formed only when protein fractions were de- 
livered in conjunction with purified collagen 
(63). 

Central to the preparation of osteogenic 
delivery systems for therapeutic use in hu- 
mans is the demonstration of their biological 
activity in primates (7, 10, 12, 40). In recent 
years, evidence of heterotopic bone induction 
in primate species has been controversial. 
While Hosny and Sharawy (13) reported 
limited subcutaneous bone formation by in- 
duction in adult Rhesus monkeys, Aspenberg 
et al. (1) found no evidence of heterotopic 
bone formation after intramuscular implan- 
tation of demineralized bone matrix in adult 
squirrel monkeys. This has suggested that 
the concentration of BMPs within monkey 
bone matrix may not be sufficient to induce 
bone formation at intramuscular sites in 
adult monkeys (2). 

The challenging problem of bone induc- 
tion in primates has stimulated our labora- 
tory to create animal models using adult ba- 
boons (Papio ursinus), which share similar, if 
not identical bone physiology and remodel- 
ing with man. Comparative static histomor- 
phometric studies between iliac crest biop- 
sies of humans and baboons showed a re- 
markable degree of similarity (59). This 
makes the adult male baboon ideally suited 
for the study of comparative bone physiol- 
ogy and repair with relevance to man. 

The results of systematic studies in intra- 
muscular sites of adult baboons unequivo- 
cally demonstrated bone formation by in- 
duction using bone matrix preparations and 
increasingly purified BMP fractions (40, 45, 
46)(Fig. 2), Studies in other laboratories using 
different primate species have now in- 
cremented these observations in baboons, 
showing bone formation by induction in 
adult squirrel monkeys (Saimiri sciureus sci- 
ureus) and crab-eating monkeys (Macaca 
fascicularis) (3,25). A systematic approach 
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Fig. 2. Photomicrograph of a histological section of 
an implant of baboon insoluble collagenous matrix 
reconstituted with osteogenin fractions and har- 
vested on day 30 after intramuscular implantation in 
an adult baboon, Bone differentiation and minerali- 
zation of the newly formed bone around the invad- 
ing capillaries (toluidine blue, undecalcified section 
at 5 um after embedding in Historesin, xl20). 




Fig. 3. Photomicrograph of a histological section 
prepared from a specimen of baboon insoluble col- 
lagenous matrix reconstituted with native os- 
teogenin fractions 30 days after implantation in a 
calvarial defect in an adultbaboon. Central region of 
the specimen: undecalcified sections, representing 
the sagittal diameter of the specimens, were cut at 7 
urn and stained with the Goldner's trichrome. Ex- 
tensive bone differentiation and formation of trabe- 
cule of mineralized bone. Arrow indicates the tem- 
poralis muscle (xl5) (Source: Ripamonti et al„ Plast 
Keconstr Surg 91: 27, 1993, with permission). 



was also taken to study the efficacy of differ- 
ent osteoinductive and osteoinductive sub- 
strata after orthotopic implantation in non- 
healing calvarial defects in adult baboons (42, 
43). These experiments on bone regeneration 
in baboons have been undertaken in an effort 
to develop a reproducible primate model 
that would closely approximate calvarial re- 
pair in man, accelerating the pace of clinical 
trials (44). The comparatively large size of 
the adult male baboon calvaria allows the 
surgical preparation of four symmetrically 
located defects of 25 mm in diameter, with 
sufficient remaining mterverung calvarial 
bone to limit the possible reduction of blood 
flow and vascular penetration within treated 
and untreated defects (42, 44). Using this 
primate model, it was shown that native os- 
teogenin fractions completely regenerated 
calvarial defects in adult baboons 90 days af- 
ter surgical implantation (46, 50). In these 



experiments, reconstitution of tine insoluble 
collagenous carrier with osteogenin isolated 
from baboon bone matrix was a requirement 
for optimal delivery of biological activity (50) 
(Fig. 3). 

Adsorption of osteogenin (BMP-3) and re- 
lated BMPs onto hydroxyapatite gels is a 
chromatographic step for their purification 
(20, 39, 46, 56). This has resulted in the con- 
struction of delivery systems using porous 
hydroxyapatites activated by BMPs with os- 
teogenic activity in extraskeletal sites in ba- 
boons (48). In recent experiments, composites 
of porous hydroxyapatite and native os- 
teogenin fractions, adsorbed onto the hy- 
droxyapatite, induced rapid bone differen- 
tiation in calvarial defects in adult baboons 
(49) (Fig, 4). By exploiting the principle of 
centripetal mesenchymal ingrowth (14), the 
porous hydroxyapatite appears to be well 
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g. 4. Photomicrograph of a histological section 
repared from a porous hydroxyapatite disc har- 
;sted on day 30 after implantation in a calvarial de- 
:ct of an adult baboon. Virgorous bone differentia- 
3ii witliin the porous spaces and in direct contact 
ith the hydroxyapatite after adsorption of os- 
ogenin fractions onto the substratum (toluidine 
.ue, decalcified section at 5 um, xl5) (Source: Ri- 
amonti et al„ Plast Reconstr Surg 90: 382, 1992, 
ith permission). 



jited for the formulation of delivery sys- 
ims.for BMPs. The porous substratum of 
ydroxyapatite allows a spatially controlled 
steogenesis, restricting bone differentiation 
ically to surgical sites (47, 49). It is notewor- 
ty that 1.5 ug of native osteogenin (BMP-3), 
urified to apparent homogeneity by electro- 
ndosmotic elution, induced extensive bone 
Lfferentiation when adsorbed onto the po- 
ms substratum, as evaluated histologically 
) days after calvarial implantation (46). In- 
Testingly, bone differentiation in porous 
ydroxyapatites in baboons takes place 
Ithout an mtervening chondrogenic phase 
:8, 49). This may have important therapeutic 
nplications when generation of cartilage is 
at desirable. 
In these studies of bone regeneration in 
llvarial defects in primates, resorbable po- 
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Fig. S. Adsorption chromatography of baboon os- 
teogenin fractions onto porous hydroxyapatite. 
Fractions in 4 M guarddine-HCl after Sephacryl S- 
200 gel filtration chromatography with biological 
activity in rats were pooled and exchanged with 5 
mM HC1 and loaded onto a chromatography col- 
umn containing discs of porous hydroxyapatite 25 
mm in diameter, and equilibrated in 5 mM HC1 {20 
ml of column volume), Adsorption of the material 
was monitored at an absorbance of 280 nm. After 
loading, the column was run in close circuit, con- 
tinuously recirculating the hydroxyapatite eluate. 
The column was left to dry and the hydroxyapatite 
eluate (20 ml) collected and bioassayed for residual 
osteogenic activity. Before adsorption chromatogra- 
phy, aliquots of the loading material were analyzed 
electrophoretically and further bioassayed in the 
subcutaneous space of the rat. Inset: Alkaline phos- 
phate activity on day 11 in implants of rat insoluble 
collagenous bone matrix (ICBM) reconstituted with 
pooled osteogenin fractions, ICBM without os- 
teogenin as control, and ICBM reconstituted with 50, 
200, 500, 1000 and 2000 ul of hydroxyapatite- 
unbound eluate. Ansence of biological activity in the 
hydroxyapatite eluate was confirmed by histologic 
examination. The electrophoretic profile on a 15% 
SDS-polyacrylamide silver stained gel under nonre- 
ducing conditions showed an apparent lack of pro- 
tein in the hydroxyapatite eluate (not shown) 
(Source: Ripamonti et al„ Biochem Biophys Res 
Commun 193: 509, 1993, with permission). 
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rous substrata of calcium carbonate, with a 
remaining 2 um surface coating of hy- 
droxyapatite, performed poorly when com- 
pared with nonresorbable hydroxyapatite 
implants, even when pretreated with os- 
teogenin fractions (49). Other resorbable 
compositions, however, have been found to 
deliver BMP activity effectively in hetero- 
topic and orthotopic sites of mice and dogs 
(70, 71, 82). 

In view of the potential therapeutic advan- 
tage of an inorganic, nonimmunogenic and 
biocompatible substratum in controlling the 
osteogenic activity of BMPs, recent experi- 
ments have exploited the affinity of native 
osteogenin for hydroxyapatite to construct 
an osteogenic delivery system after chroma- 
tographic adsorption onto a porous hy- 
droxyapatite (51) (Fig. 5). Histologic exami- 
nation of specimens implanted intramuscu- 
larly in baboons after chromatographic ad- 
sorption of osteogenin fractions showed ex- 
tensive bone differentiation and prominent 
vascular invasion (Fig. 6). Specimen without 
prior adsorption of osteogenin showed pene- 
tration of fibrovascular tissue within the po- 
rous spaces but lack of bone differentiation 
(51). This new strategy may help to construct 
custom-made porous ceramics activated by 
BMPs, resulting in predictable bone forma- 
tion for the treatment of human bone defects. 

The geometry of the hydroxyapatite sub- 
stratum exerts a profound effect on BMP- 
induced bone formation (47), After hetero- 
topic implantation in both rodents and ba- 
boons, bone was never found in implants of 
granular hydroxyapatite. In contrast, bone 
differentiation was observed in blocks of hy- 
droxyapatite, underscoring the importance of 
the geometry of the delivery system in bone 
induction by BMPs (47, 48, 72). The geometry 
of the substratum has been shown to influ- 
ence profoundly the expression of the os- 
teogenic phenotype in vivo (33, 38, 55). 

Significantly, it ' has been demonstrated 
that the binding of one of the rhBMPs, BMP- 
4, prepared as described (11), is not affected 




Fig. 6. In vivo bioassay in baboons. Hydroxyapatit 
specimens, harvested from the rectus abdominis 
were decalcified and double embedded in celloidij 
and paraffin wax. Serial sections, cut at 5 (im, wer 
stained with Goldner's trichrome. Extensive bone dif 
ferenriation on day 30 in a disc of porous hydroxya 
patite after chromatographic adsorption of babooi 
osteogenin fractions and intramuscular implantatioi 
in an adult baboon (Source: Ripamonti et al., Biochen 
Biophys Res Commun 193: 509, 1993, with permis 
sion). 



by the geometry of the hydroxyapatite sub 
stratum, since I 125 radiolabeled rhBMP-< 
binds equally well to hydroxyapatite sub 
strata in granular and block configuratioi 
(47). These observations should be taken int< 
consideration when planning the use o. 
granular hydroxyapatites in reconstructs 
craniofacial surgery. 



FUTURE DIRECTIONS 

We have previously proposed that the capac 
ity of mammalian BMPs to initiate a pro 
grammed cellular cascade that results in th< 
induction of bone may be a functionally con 
served process utilized in embryonic devel 
opment and recapitulated in postfetal os 
teogenesis, and can be exploited for the 
therapeutic initiation of bone formation (46) 
The characterization and molecular cloning 
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of the family of the bone morphogenetic pro- 
teins and their interactions with extracellular 
matrix components has permitted the formu- 
lation of novel insights into the regulatory- 
role of BMPs in osteogenesis (36, 75). From a 
therapeutic perspective, there is a need for 
focused research on the formulation of deliv- 
ery systems for BMPs. 

While the cellular and molecular biology 
of BMPs and related members is advancing 
at a furious pace, progress in the formulation 
and implementation of delivery systems has 
been slow. The formulation of non- 
immunogenic carrier substrata with defined 
geometries capable of delivering BMPs in the 
absence of collagenous matrix is a crucial 
goal for skeletal reconstructionists and mo- 
lecular biologists alike. An ideal substratum 
acting as an osteogenic delivery system 
should be inorganic, nonirnmunogenic, 
carvable and amenable to contouring for op- 
timal adaptation to skeletal defects. Impor- 
tantly, it should provide support and inte- 
gration for the remaining periosteal tissues, 
and promote rapid vascular and mesenchy- 
mal invasion to be brought into contact with 
BMPs previously adsorbed onto the carrier. 
Lastly, it should remodel and resorb once the 
regenerative processes are well under way. 



Finally, systematic studies will be required 
on the pharmacokinetics of rhBMPs in higher 
animals. This will promote the potential sys- 
temic therapeutic use of BMPs via noninva- 
sive routes of delivery, desirable in systemic 
conditions such as osteoporosis. 

The resolution at molecular level of some 
of the mechanisms regulating the initiation of 
bone formation will have a dramatic impact 
in craniofacial and orthopedic conditions, 
Significant advances in skeletal reconstruc- 
tion may be expected when novel carrier 
substrata are implemented for delivery of 
optimal doses of now available recombinant 
human BMPs. 
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• Bone morphogenetlc protein-2 (BMP-2) 
Is a human recombinant bone-Inducing fac- 
tor that stimulates bone formation within 
14 days. Twenty-six dogs underwent recon- 
struction of 3-cm full-thickness mandibular 
defects. After stabilizing the defects with 
stainless steel reconstruction plates, test 
implants composed of inactive dog bone 
matrix carrier and human recombinant 
BMP-2 were placed in defects of 12 animals 
(group 1). Control implants (carrier without 
BMP-2) were used in 10 animals (group 2), 
and no Implants were placed in mandibular 
defects of four animals (group 3). Animals 
were killed at 3 and 6 months. The recon- 
structed segments were evaluated by roent- 
genography, analysis of functional stability, 
histology, hlstomorphornetry, and analysis 
of biomechanical strength using three-point 
bend testing, In group 1, reconstruction 
plates were removed at 10 weeks because 
stiff, noncompressible mineralized bone 
formed across the defects, allowing the 



With the advent of mandibular re- 
construction plates and micro- 
iscular transfer of osseomyocutan- 
„ous free flaps, surgeons have the 
capability of reconstructing large man- 
dibular defects produced by cancer 
surgery or trauma. Titanium recon- 
struction plates and trays provide ex- 
cellent temporary stability across man- 
dibular defects, but lack of viable bone 
bridging the defect can result in expo- 
sure of the appliance, infection, bony 
erosion, mandibular instability, and, 
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animals to chew a solid diet. The defects 
from groups 2 and 3 showed minimal, if 
any, bone formation and remained grossly 
unstable, prohibiting plate removal or ad- 
vancement to a solid diet. Histomorpho- 
metric analysis at 6 months revealed that 
68% of the group 1 implants were replaced 
by mineralized bone, whereas mineralized 
bone occupied less than 4% of the implants 
In groups 2 and 3. Biomechanical testing at 
6 months revealed that the average bending 
strength of the reconstructed hemlmandi- 
bles (expressed as a percentage of the 
contralateral hemlmandlble) was 27% for 
group 1 and 0% for group 2. The biome- 
chanical strength of the defects recon- 
structed with BMP-2 Increased significantly 
from 3 to 6 months and was related to 
degree of mineralization and thickness of 
bone bridging the defect. 

(Arch Otolaryngol Head Neck Surg. 
1991;117:1101-1112) 



ultimately, facial deformity. Autolo- 
gous bone grafts must be harvested 
from a donor site (iliac crest or rib) and 
usually provide insufficient bone that 
is prone to infection and/or resorption. 
Microsurgical transfers of free bone 
grafts with attached soft-tissue and 
blood vessels can close bony defects 
with an immediate source of blood 
supply to the graft. These techniques 
are time-consuming, can produce a 
great deal of morbidity, and can only 
be used by surgeons specially trained 
in microvascular tissue transfer. Fur- 
thermore, the bone provided is often 
limited in quantity, rectilinear, and not 
readily contoured to reconstruct curvi- 
linear segments of the mandible (ante- 
rior arch). Even after reestablishment 
of mandibular continuity using pres- 
ently accepted techniques, the major- 
ity of patients cannot wear dental ap- 
pliances. 1J They gain a cosmetic 
benefit but with little improvement in 
masticatory function. Reconstructive 



surgeons should have at their disposal 
a bone substitute that would be reli- 
able, biocompatible, easy to use, and 
long-lasting and that would restore 
mandibular continuity with little asso- 
ciated morbidity. 

The ideal method for replacing lost 
mandibular bone would be to induce 
growth of host replacement bone that 
would bridge an entire defect by 
means of a bone-inducing implant. In 
1965, Urist 5 reported incontrovertible 
evidence that rat bone demineralized 
in hydrochloric acid (0.6N) induced 
bone formation. Unfortunately, bone 
formation was variable and appeared 
to be dependent on several factors, 
including site of implantation and 
method of preparation. Demineralized 
bone has been shown to work well in 
fresh bony defects with abundant via- 
ble bone cells (osteoblasts and osteo- 
clasts) and periosteum." However, de- 
mineralized bone implants tend to 
resorb when used in nonbony sites 
(subcutaneous, intramuscular, or in a 
region with abundant scar tissue). s '° 
Furthermore, demineralized bone is an 
allograft, and despite sterilizing treat- 
ment with gamma irradiation using 
cobalt 60, one cannot rule out the 
possibility of transmitting infectious 
diseases. 

The major problem with demineral- 
ized bone is that the amount of bone- 
inducing activity present in the im- 
plant is insufficient to induce bone 
formation in most nonbony sites." Sev- 
eral proteins have been purified from 
bone matrix in an effort to extract the 
actual bone-inducing factor(s) present 
in demineralized bone. Urist et al'° 
used a nondestructive method of dif- 
ferential solubilization to isolate a gly- 
coprotein called bone morphogenetic 
protein. Even though this protein did 
stimulate bone formation in several 
animal models, it was not purified to 



Arch Otolaryngol Head Neck Surg —Vol 1 1 7, October 1 991 Mandibular Reconstruction— Toriumi et al 1 101 

Ftaprlnted from the Archives of Otolaryngology— Head & Neck Surgery 
Copyright 1997, American Medical Association 



Table 1.— Stratification of the Study 



Hlstomorphometry 



* BMP-2 indicates bone morphogenetic proteln-2. 



homogeneity (not 100% pure) and was 
contaminated by other molecules that 
may have been responsible for the 
actual bone-inducing activity. Wang et 
al" have described a homogeneous hu- 
man, recombinant bone-inducing factor 
that they called bone morphogenetic 
protein-2 (BMP-2). The novel BMP-2 
molecule is one of a group of seven 
polypeptides designated bone morpho- 
genetic proteins 1 through 7.' 2 Implan- 
tation of recombinant BMP-2 in the rat 
ectopic model induced bone formation 
by day 14." This protein is a novel 
tissue factor that presumably trans- 
forms primitive mesenchymal cells into 
osteoblasts that form host bone."' 12 Be- 
cause this molecule is recombinant it 
(1) is free of contaminating proteins 
that may possess bone-inducing activi- 
ty and (2) has the potential to be 
produced in large (commercial) quanti- 
ties for clinical use. The fact that this 
molecule is human and recombinant 
distinguishes it from numerous partial- 
ly purified bone-inducing preparations 
that are contaminated with other pro- 
teins and obtained from xenogeneic 
(bovine) bone. Partially purified xeno- 
geneic preparations are not practical 
for clinical use because microgram 
quantities are purified from kilograms 
of bovine bone, making large-scale 
commercial production very costly and 
impractical, 

In this study, dog bone matrix im- 
plants containing human recombinant 
BMP-2 were used to reconstruct 3-cm 
full-thickness segmental defects in the 
dog mandible. The purpose of this 
study was to evaluate the ability of the 
BMP-2 implants to (1) form host bone 
and restore mandibular continuity and 
(2) provide functional stability. We 
also sought to evaluate the tissue occu- 
pying the defects by histologic and 
histornorphometric analysis and quan- 
titate the biomechanical strength of 
the reconstructed segments. 

SUBJECTS AND METHODS 
Preparation of the Implant 

The carrier material used in this study was 
demineralized dog bone powder matrix that 
was treated with guanidinium chloride to ex- 
tract any proteins that may possess inherent 
bone-inducing activity. Test implants con- 
sisted of 0.5 g of inactive dog bone powder 
matrix with 250 u,g of human recombinant 
BMP-2 (10 |xg of BMP-2 was added to every 
20 mg of bone matrix) and 5 mmol/L of 



e-aminocaproic acid. Control implants con- 
sisted of inactive dog bone matrix carrier 
without BMP-2 and 5 mmol/L of e-aminoca- 
proic acid. The implants were provided in a 
freeze-dried form (powder) that was steril- 
ized with ethylene oxide and stored in a 5-mL 
syringe (Genetics Institute, Cambridge, 
Mass). 

At the time of implantation, the freeze- 
dried implant material was mixed with 4 mL 
of fresh autologous blood and allowed to form 
a firm clot in the. 5-mL syringe. The e-amino- 
caproic acid was added to the implant to help 
stabilize the clot. After the clot set for 30 to 
40 minutes, the implant material was allowed 
to slide out of the barrel of the syringe into 
the defect. 

Management of the Animals 

Adult hounds weighing between 22 and 
25 kg were studied according to a protocol 
approved by the Institutional Animal Care 
Committee of the University of Illinois Col- 
lege of Medicine, Chicago. Surgery was per- 
formed using endotracheal fluothane anes- 
thesia after induction with thiamylal sodium 
(15 to 20 mg/kg intravenously). 

Stratification of the Study 

To test the validity and feasibility of this 
animal model and set up specific end points 
for analysis and criteria for mandibular sta- 
bility, pilot data were collected from a four- 
animal pilot study. Two of these animals had 
BMP-2 implants, one had a control implant 
without BMP-2, and the last had no implant. 
These animals were lulled at 3 to 12 months. 
These pilot data were also used to help strati- 
fy this study and determine the number of 
animals necessary to obtain statistically sig- 
nificant data. 

The 26 animals used in this study (exclud- 
ing four pilot animals) were divided into 
three groups (Table 1). Group 1 animals re- 
ceived test implants (carrier with BMP-2), 
and group 2 animals received control im- 
plants (carrier material without BMP-2). In 
group 3, no implant was placed into the de- 
fect. Twelve animals were in group 1; six 
were killed at 3 months and six at 6 months. 



Ten animals were in group 2; six were killed 
at 3 months and four at 6 months. Half of the 
animals lulled in each of the time intervals 
were used for histologic and histomorpho- 
metric analysis, and the other half were used ( 
for biomechanical testing. Group 3 consisted 
of four animals; two were killed at 3 months 
and two at 6 months. All four of the group 3 
animals were used for histologic and histo- 
rnorphometric analysis. The stratification of 
the study is summarized in Table 1. 

Preparation of the Cervical 
Feeding Esophagostomy 

A cervical feeding esophagostomy was es- 
tablished at the time of reconstruction to 
permit early feeding of the animals. As a 
conduit off the distal cervical esophagus, the 
esophagostomy bypassed the oral cavity to 
prevent food particle contamination of the 
intraoral suture line and provided time for 
stabilization of the implant without pressure 
from mastication on the site of reconstruc- 

An 8-cm midline incision was made in the 
lower aspect of the neck 5 to 6 cm above the 
sternal notch. The left sternomastoid muscle / 
was dissected laterally, freeing it from the ^ 
trachea and surrounding structures. The 
esophagus was identified immediately poste- 
rior to the trachea. After identifying the ca- 
rotid artery, jugular vein, and vagus nerve, 
an 8-cm segment of esophagus was dissected 
from its fine areolar tissue attachments (Fig 
1, top left). At this point, a 3-cm incision was 
made through the skin of the left lateral as- 
pect of the neck, where a discrete division 
between the lateral neck muscles could be 
seen. The freed segment of esophagus was 
then pulled through the ostomy incision, and 
a posterior anchoring suture was tied to the 
muscularis layer of the esophagus and an- 
chored deep into the dermis. The anchoring 
suture helped prevent the esophagus from 
pulling away from the ostomy site. 

An incision was made through the muscu- 
laris layer of the esophagus parallel to the 
muscle fibers, and a 2-cm inciRion was made 
in the mucosa to enter the lumen ("Pig 1, top 
right). The mucosa and muscularis were su- 
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tured with 3-0 polyglactin 910 (Vicryl) to the 
edges of the ostomy incision. Three other 
deep anchoring sutures fixed the adjacent 
esophagus to the surrounding dermis, en- 
compassing enough muscularis to stabilize 
the esophagus to the lateral cervical skin (Fig 
. 1 , bottom). The midline incision was closed in 
two layers, leaving two Penrose drains in 
place for 48 hours. The esophagostomy was 
created immediately before the mandibular 
reconstruction. 

This type of esophagostomy allowed the 
animals to be fed via a catheter inserted into 
the esophagus. However, the orientation of 
the esophagostomy as a conduit off the distal 
cervical esophagus also allowed the animals 
to take food orally with no obstruction, de- 
spite the presence of the esophagostomy. 

Mandibular Reconstruction 

After completion of the esophagostomy, a 
6-cm skin incision was made parallel to the 
inferior border of the right mandibular body. 
After identifying the mandible and masseter 
muscle, an incision was made through the 
periosteum along the inferior border of the 
mandible. A periosteal elevator was used to 
elevate periosteum along both sides of the 
mandible, from the mental foramen to the 
mandibular angle posteriorly. Then, a 3-cm 
defect was marked on the mandible to include 
the first molar and fourth premolar teeth. To 
prevent disrupting the gingiva of surround- 
ing teeth, a 3-0 polyglactin 910 suture was 
passed between the teeth, securing the gin- 
giva to the adjacent teeth (third premolar 
and second molar) that were left in place. 
Taking care not to tear the gingival tissue, a 
periosteal elevator was used to elevate it 
from the teeth of the 3-cm segment that was 
to be resected. 

A 10-hole stainless steel reconstruction 
plate (AO-ASIF, Synthes Maxillofacial, Pao- 
li, Pa) was bent to match the contour of the 
buccal surface of the mandible. Using an air- 
driven drill and 2-mm drill bit, three holes 
were drilled on each side of the measured 
defect, taking care that the plate did not 
impinge on the mental nerve. Holes were 
then measured with a depth gauge and then 
tapped, and the plate was stabilized with six 
2.7-mm cortical screws (Fig 2, top left). After 
removing the plate, a 3-cm full-thickness 
mandibular defect with teeth was created 
with a high-speed pneumatic saw (Fig 2, top 
right). The mandible was completely sec- 
tioned so that proximal and distal segments 
were separated by 3 cm. Electrocautery was 
used to stop bleeding from the ends of the 
defect. The reconstruction plate was reap- 
plied to stabilize the mandible in its original 
preinjury orientation to ensure good dental 
occlusion (Fig 2, bottom left), Alveoloplas- 
ties were performed using a high-speed cut- 
ting burr to round off any sharp bony areas 
along the edges of the defect. The intraoral 



defect was closed with 3-0 polyglactin 910 
mattress sutures to provide a water-tight 

The periosteum along both sides of the 
defect was elevated and resected to ensure 
that no periosteum was contacting the im- 
plant. Then, a thin areolar tissue flap was 
elevated along the buccal side of the defect 
and wrapped around the reconstruction plate 
to prevent bony ingrowth into the plate 
holes. This technique of enveloping the re- 
construction plate also helped to facilitate 
plate removal at the designated time. 

At this point, the defect was copiously irri- 
gated with sterile saline. After achieving he- 
control (carrier without BMP-2) implants 
were allowed to slide out of the barrel of the 
5-mL syringe into the mandibular defect (Fig 
2, bottom right). The implants had the con- 
sistency of a firm fibrin clot and could be 
readily manipulated to occupy the contour of 
the defect. In the no-implant group, the man- 
dibular defect was simply irrigated and left 
vacant. The wounds were closed in two lay- 
ers. Postoperative roentgenograms were 
taken to document plate position, dental oc- 
clusion, and mandibular defect size and 
position. 

Postoperative Care of the Animals 

Animals were not allowed to take anything 
by mouth for 14 days. Intravenous catheters 
with heparin locks were left in place for 
48 hours to allow infusion of daily fluid re- 
n if 1 administration of cephazolin 
sodium (500 mg, intravenously every 12 
hours for the first 2 days). On the third post- 
operative day, animals were given a liquid 
diet (Ensure, Ross Laboratories, Columbus, 
Ohio) administered with a 60-mL Toomey 
syringe and a Foley catheter (22F) inserted 
through the esophagostomy into the stomach 
(Fig 3). The animals were given three cans 
(250 mL per can) of Ensure twice a day, 
providing a total daily caloric intake of 5250 J 
(6.3 J/mL). Animals tolerated feedings well 
with no apparent discomfort and were exam- 
ined once a day and weighed every other day 
to be sure they were not losing weight or 
becoming dehydrated. 

On the 14th day postoperatively, esopha- 
gostomy feedings were stopped, and animals 
were allowed to take a soft diet orally. By this 
time, the intraoral suture line was complete- 
ly healed, and the site of reconstruction had 
time to stabilize. At 10 weeks, the animals 
began a solid diet if specific criteria for man- 
dibular stability were met. 

Method of Analysis 

To evaluate the ability of BMP-2 to form 
bone in a full-thickness canine segmental 
mandibular defect, the variables assessed 
were the following". (1) functional stability of 
the reconstructed segment; (2) contour, 



character, and dimensions of bone formation; 
(3) amount of mineralized bone formation 
(percentage area of defect tissue replaced by 
mineralized bone); and (4) biomechanical 
strength of the reconstructed segment com- 
pared with the contralateral nonoperated 
hernirnandible and control implants (group 
2). The immunogenicity of BMP-2 was evalu- 
ated to determine if the animals formed anti- 
bodies to human recombinant BMP-2. 

Roentgenography and 
Physical Examination 

The animals were sedated before the 
roentgenograms were administered, using 
atropine sulfate (0.05 mg/kg, intramuscular- 
ly) and 2.5% thiamylal sodium (1 mL/ltg). 
Lateral roentgenograms of each mandible 
were taken with a collimator rotating anode 
tube-type machine (Universal Allied Imag- 
ing, Chicago, 111) at settings of 300 mA, 0.05 
second, and 59 kV peak immediately follow- 
ing reconstruction. Roentgenograms were 
also taken at monthly intervals and just be- 
fore the animals were killed. While under 
sedation for the roentgenograms, the recon- 
structed segments were carefully examined 
and palpated to evaluate the contour and 
character (hardness and stiffness) of the im- 
plants. The contour of the implants was com- 
pared with the surrounding edges of the 
mandibular defect. Additional roentgeno- 
grams and precise mandibular measure- 
ments were taken of the harvested recon- 
stracted segments of the mandible when the 
animals were killed. 

Analysis of Functional Stability 

Animals underwent removal of the recon- 
struction plates at 10 weeks if the defects 
appeared stable by roentgenographs evalu- 
ation and physical examination. Roentgeno- 
graph^ criteria for stability of the recon- 
structed segments included (1) evidence of 
mineralized bone formation across the entire 
defect and (2) evidence of integration of the 
new bone with the edges of the defect. Stabil- 
ity of the reconstructed segment was also 
based on physical examination, which re- 
vealed palpable bone formation across the 
entire defect. Specific criteria indicating sta- 
bility of the new bone included the following: 
(1) noncompressibility, (2) stiffness (enough 
to resist bending), and (3) approximation of 
the dimensions of the defect. These criteria 
are subjective in nature; however, informa- 
tion obtained from the pilot studies indicated 
that the degree of bone formation at 10 weeks 
in animals with BMP-2 implants was suffi- 
cient to support mastication in the absence of 
the reconstruction plate if these criteria were 

After plate removal, animals began a solid 
diet until the time when the animals were 
killed. The ability of the animals to tolerate a 
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solid diet was evaluated by the following cri- 
teria: (1) observation of their eating habits, 
(2) amount of food intake, and (3) weight loss. 
Plate removal was not attempted in any ani- 
mals in group 2 (control implants without 
BMP-2) or group 3 (no implants), because 
pilot studies revealed gross instability of the 
reconstructed segment when roentgeno- 
graphic evaluation and physical examination 
revealed no evidence of bone formation 
across the defect. In these animals, the 
plates were left in place until the animals 
were lulled at 3 or 6 months after the 
reconstruction. 

Immunoreactivityto BMP-2 

Immunoreactivity to human recombinant 
BMP-2 was assayed in all animals used in this 
study. Serum was prepared from blood 
drawn just before sacrifice and stored at 
- 80°C. Immunoreactivity to human recom- 
binant BMP-2 was determined by immuno- 
blot and visualized (iodine 125-labeled Pro- 
tein-A, New England Nuclear, Boston, 
Mass)." 

Harvesting Specimens 

After 3 or 6 months, the animals were 
killed, and the entire mandible was harvest- 
ed from each animal, leaving the gingival 
mucosa intact around the site of the recon- 
structed segment. At the midpoint of the 
reconstructed segments, height measure- 
ments were made in the vertical plane, and 
width measurements were made in the trans- 
verse plane. In the contralateral nonoper- 
ated hemimandible, height measurements 
were made at the first molar from the lower 
border of the mandible to the superior mar- 
gin of the alveolar process. Width measure- 
ments were made from the lingual cortex to 
the buccal cortex at the widest point of the 
mandible in the region of the first molar. The 
mean measurements of the reconstructed 
segments were expressed as a percentage of 
the mean measurements of the contralateral 
nonoperated hemimandible. After photo- 
graphic and roentgenographic documenta- 
tion, the specimens used for histologic and 
histomorphometric analysis were cut to a 
6.5-cm segment, leaving at least a 1 . 5-cm cuff 
of normal mandible on both sides of the re- 
constructed defect. Mandibles submitted for 
biomechanical testing were cut into longer 
u i i ndibular segments that allowed in- 
sertion into the apparatus used for three- 
point bend testing. Implants harvested for 
biomechanical testing were packaged and 
frozen so all could be tested at the completion 
of the study. 

Histologic and 
Histomorphometric Analysis 

Specimens submitted for histologic and 
histomorphometric analysis were fixed in 



phosphate-buffered formaldehyde and em- 
bedded in methylmethacrylate. After the 
embedded specimens were allowed to cure, 
the blocks were cut as follows. An initial cut 
was made longitudinally (sagittal plane) 
close to the center of the specimen with an 
Isomet precision saw (Buehler, Lake Bluff, 
111). To reach the midsagittal plane, further 
longitudinal sections were taken across the 
entire length of the specimen (thickness, 
10 M-m) with a Polycut-S microtome (Rei- 
chert-Jnng, Nussloch, Germany). Final sec- 
tions were cut (thickness, 5 u.m) and then 
treated according to the method of Schenk et 
al" and stained with a modified von Kossa's 
stain containing silver nitrate, basic fuchsin, 
and toluidine blue 0. The silver nitrate 
stained all mineralized bone black, allowing 
quantitation of the extent of mineralization. 
Using an Optimax 5 image analyzer (Analyti- 
cal Measuring System Ltd, Cambridge, En- 
gland), the area density of mineralized tissue 
was measured by determining the percent- 
age of mineralized area per standard tissue 
area. Since area density equals volume densi- 
ty (assuming new bone is evenly distributed 
in the defect), the percentage volume of the 
tissue occupying the defect that had formed 
mineralized bone could be determined, 15 Af- 
ter determining the means and SDs, statisti- 
cal analysis was performed to compare the 
percentage area of mineralized bone in 
groups 1, 2, and 3. Analysis of variance and 
Tukey's multiple comparisons method were 
used to determine if the differences between 
the group means were significant statistical- 
ly with respect to time effects or treatment 
effects. 

Biomechanical Testing 

Three-point bend testing was performed 
on the reconstructed hemimandible and the 
contralateral (nonoperated side) hemimandi- 
ble of all animals designated for biomechani- 
cal testing. Tb compare the reconstructed 
hemimandible with the contralateral hemi- 
mandible, a control experiment was per- 
formed to validate that such a comparison 
could be made. The right and left hemimandi- 
bles of eight normal dogs underwent three- 
point bend testing to determine the variabili- 
ty between both sides. A classic analysis of 
means was used to analyze the mean ratios of 
the failure moments between the right and 
left hemimandibles (both sides unoperated). 

Hemimandibles were stripped of soft tis- 
sues and placed within the three-point bend- 
ing system. The central load point was ori- 
ented between the fourth premolar and the 
first molar (Fig 4) or at the midpoint of the 
reconstructed segment. The other two load 
points were set 5.4 cm from the central load 
point. Mandibles were tested to failure in 
three-point bending, with the lingual surface 
in tension, using an Instron 1331 servohy- 



draulic materials-testing system (Instron, 
Canton, Mass). A stroke rate of 1 mm/min 
was applied to a maximum central load point 
displacement of 10 mm. Moment and dis- 
placement data were recorded using note- 
book software (Labtech Notebook, Labora- 
tory Technologies Corp, Wilmington, Mass) 
on a personal computer using an 80386 micro- 
processor (Intel, Santa Clara, Calif). Failure 
was defined as the maximum moment record- 
ed dining the test. Equivalent bending rigid- 
ity was determined for the initial linear seg- 
ment of the data (if a linear region existed). 
After determining the maximum moment of 
the reconstructed segment, the bending 
strength was also expressed as the percent- 
age of the maximum moment of the contralat- 
eral hemimandible. 

Statistical analysis was performed on the 
maximum moment values (N - m) for groupsf 
1 and 2. After determining the means and 
SDs for the maximum moments of the recon- 
structed segments and percentage of the 
maximum moment of the contralateral hemi- 
mandible, analysis of variance and Tukey's 
methods of multiple comparisons were used 
to determine if the time effects and treat- 
ment effects between group means were sig- 
nificant statistically. 

In another experiment, 20 normal unoper- 
ated hemimandibles were harvested and 
used to evaluate the biomechanical strength 
of mandibles reconstructed with only a stain- 
less steel or titanium reconstruction plate. 
Employing the same technique used on the 
study animals, 10-hole reconstruction plates 
(AO-ASIP, Synthes Maxillofacial, Paoli, Pa) 
were contoured to the buccal surface of the 
body of the harvested hemimandibles. Plates 
were fixed to the hemimandibles using six 
2.7-mm cortical screws, with three screws on 
each side of the proposed 3-cm full-thickness , 
mandibular defect. The plates were removed ( 
and the hemimandibles were sectioned, leav- ' 
ing proximal and distal segments separated 
by 3 cm. Plates were reapplied to stabilize 
the hemimandibles in their original premjury 
orientation. Ten hemimandibles were recon- 
structed with stainless steel plates and 
screws, and 10 were reconstructed with tita- 
nium plates and screws. Three-point bend 
testing was performed with the central load 
point in the middle of the plate. The other two 
load points were set 5.4 cm from the central 
load point. The maximum moment was deter- 
mined using a stroke rate of 1 mm/min with a 
maximum central load point displacement of 
10 mm. After determining means and SDs, 
the mean maximum moment of the hemiman- 
dibles reconstructed with BMP-2 was com- 
pared with those bridged by only a recon- 
struction plate. Analysis of variance and 
Tukeys method of multiple comparisons 
were used to determine if statistically signifi- 
cant differences in biomechanical strength 
existed between mandibles reconstructed 
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Fig 4,-Control, nonopened hemimandible loaded into the three-point 
bending apparatus. Arrow indicates direction of the load. 
Fig 3.-Esophagostomy tube feedings. Foley 
catheter and 60-mL syringe were used to instill 
feedings through the esophagostamy directly 
into the stomach. 
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with BMP-2 and mandibles reconstructed 
with only a metal plate. 

RESULTS 
The results of the pilot study were 
not included in the compilation of the 
data of the 26 animals stratified into 
groups 1, 2, and S. 

Complications 

All animals survived the duration of 
the study, tolerating 14 days of eso- 
phagostomy feedings with less than a 
5% weight loss, which was rapidly 
corrected once the animals were start- 
ed on a soft diet. The animals actually 
learned to anticipate their tube feed- 
ings, sitting still and cooperating 
throughout the entire feeding process. 
After completion of esophagostomy 
feedings, the stoma gradually con- 
stricted to a small opening within 
6 weeks. In three animals, saliva and 
orally ingested food leaked out of the 
esophagostomy, requiring insertion of 
several sutures to close the stoma. 
Despite the presence of the esophagos- 
tomy, no obstruction of the passage of 
solid food to the stomach could be 
found. 

Seromas of the lower part of the 
neck developed in six animals in a 
region of cervical skin redundancy. 
Four of these seromas resolved after 
aspiration. Seromas developed in two 
animals, resulting in partial dehiscence 
of the esophagostomy suture line, In 
' oth of these cases, a minor surgical 

ncedure was required to resuture 
esophagus to the skin. 

Infections did not develop in any of 
the group 1 animals (test implants, 
carrier with BMP-2). However, local- 
ized infections developed in three ani- 
mals from group 2 (control implant, 
carrier without BMP-2) at the implant 
site. These infections cleared with a 
10-day course of antibiotic therapy 
(cephalexin, orally). Small (1- to 2- 
mm), noridraining fistulas developed in 
two group 2 animals at the site of the 
intraoral suture line that persisted un- 
til the animals were killed. These ani- 
mals remained asymptomatic and did 
not require any surgical management. 

Roentgenographic Analysis 
and Physical Examination 

Roentgenograms taken immediately 
after surgery documented good plate 



position, alignment of the mandible, 
dental occlusion, and defect size. In 
group 1 animals (test implants with 
BMP-2), earliest bone formation across 
the defect was detected roentgeno- 
graphically at 21 days, Later roentgen- 
ograms revealed increasing bone den- 
sity with evenly distributed bone 
formation occurring throughout the 
entire defect. Palpation of the recon- 
structed segments as early as 5 weeks 
revealed stiff, noneompressible bone 
bridging the defect, with mandibular 
height along the vertical axis of the 
mandible that compared favorably 
with normal bone surrounding the 
mandibular defect. The reconstructed 
segments demonstrated a slight de- 
crease in width along the transverse 
axis when compared with normal bone 
surrounding the mandibular defect. 
The mucosal suture lines were healed 
well in all animals in group 1. 

Roentgenographic evaluation of 
group 2 animals (control implants 'with- 
out BMP-2) revealed minimal, if any, 
bone formation across the defect at 
3 and 6 months, with a large gap 
between both segments. Analysis of 
group 3 animals (no implant) at 3 and 
6 months revealed no bone formation 
across the defects. 

Palpation of the reconstructed seg- 
ments of the animals in groups 2 and 3 
revealed an empty defect bridged by a 
reconstruction plate with no palpable 
bone formation. The sites of the muco- 
sal defects were well healed, except for 
the two animals in group 2 with small 
nondraining fistulas. 

Functional Stability of the 
Reconstructed Segments 

Early removal of the stainless steel 
reconstruction plates allowed evalua- 
tion of the functional stability of the 
reconstructed segment of the mandi- 
ble. Plates were removed at 10 weeks 
in all animals in group 1 because new 
mineralized, stiff, noneompressible 
bone formed across the defects and 
appeared to be integrated with the 
edges of the defect. All of these ani- 
mals tolerated a solid pellet diet, chew- 
ing their food without difficulty, evi- 
dence of discomfort, or weight loss. 
Plates were also removed at 10 weeks 
in group 1 animals (BMP-2 implants) 
that were killed at 6 months. These 
animals also tolerated a solid pellet 



diet without problems. 

Plate removal was not attempted in 
any of the animals in group 2 (control 
implant) or group 3 (no implant) be- 
cause of obvious instability of the re- 
constructed segments that showed 
minimal or no bone formation across 
the defects, Animals in groups 2 and 3 
remained on a soft diet throughout the 
course of the study. 

Immunoreactivity to BMP-2 

No antibodies to human recombinant 
BMP-2 were detected in any of the 
animals by immunoblot using 0.5 |xg of 
BMP-2 and a 1:100 dilution of serum. 
Analysis of Harvested Specimens 

Group 1 (test implants with BMP-2) 
specimens revealed extensive bone 
formation across the entire defect at 
3 and 6 months. The contour of the 
reconstructed segments approximated 
the contour of the surrounding mandi- 
ble with no evidence of bone growth 
beyond the margins of the defect (Fig 
5, top left). Mandibular measurements 
(mean) revealed that height along the 
vertical axis of the reconstructed seg- 
ments approximated 86% of the height 
of the contralateral, nonoperated 
hemimandible. However, the mean 
width of the reconstructed segments 
along the transverse axis approximat- 
ed 62% of the corresponding measure- 
ments of the contralateral nonoperated 
hemimandibles. 

Roentgenographic examination of 
the 3-month group 1 animals revealed 
mineralized bone formation across the 
entire 3-cm defect (Fig 5, top center), 
Histologic and histomorphometric 
analysis revealed that 50% of the tis- 
sue occupying the defects was mineral- 
ized and that this bone was almost as 
dense as the normal bone surrounding 
the mandibular defect (Fig 5, top 
right). The surfaces of the new bone 
were lined with osteoid seams and 
plump osteoblasts, indicating active 
bone formation (Fig 5, bottom left), 
Among the 3-month group 1 animals, 
occasional islands of residual bone ma- 
trix carrier material were seen. Good 
fusion between the old and new bone 
was observed so that the interface 
between the edges of defect and im- 
plant was difficult to identify (Fig 5, 
bottom right). 
Group 1 specimens harvested at 
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6 months showed bone formation 
across the entire defect with excellent 
contour and mineralization. Histologic 
and histomorphometric analysis re- 
vealed that 68% of the tissue occupying 
the defects was mineralized with mini- 
mal, if any, evidence of residual carrier 
material (Fig 6, left). The bone demon- 
strated a normal-appearing lacunar 
pattern with no evidence of bone re- 
sorption as determined by the absence 
of osteoclasts (Fig 6, right). The newly 
formed bone appeared normal, making 
it difficult to identify the point of tran- 
sition from BMP-2 implant to normal 
bone surrounding the defect. 

Group 2 specimens (control implants 
without BMP-2) revealed minimal, if 
any, bone formation with some evi- 
dence of bone resorption where the 
reconstruction plates eroded into the 
bone surrounding the mandibular de- 
fect (Fig 7, top left and right). When 
the animals were killed, it was noted 
that the reconstruction plates were 
loose in four animals in group 2. These 
plates may have loosened because of 
bony erosion under the reconstruction 
plates with subsequent loosening of 
the screws. At 3 months, histologic 
investigation revealed fibrous scar tis- 
sue (callous) bridging the defect with 
no bone and relatively large amounts 
of residual nonviable bone matrix (Fig 
7, bottom left and right). At 6 months, 
fibrous scar tissue (callous) bridged the 
defect, and any bone that did form 
within the defect was spotty, irregu- 
lar, and formed in the region of the 
approximated gingival mucosa where 
small amounts of periosteum may have 
been left behind (Fig 8). Only 4% of the 
tissue occupying these defects was re- 
placed by mineralized bone with very 
few active osteoblasts, flat lining cells, 
and osteoclasts, indicating inactivity of 
bone-forming cells. 

Histomorphometric examination of 
group 3 specimens (no implant) at 
3 and 6 months revealed fibrous scar 
tissue with no bone formation. The 
margins of the bony defect showed flat 
lining cells indicating low bone cell 
activity. Of the animals in group 3, two 
had loosened reconstruction plates, 
also probably due to bone erosion un- 
der the plates. In no control animal 
was there a complete bridge of new 
bone across the 3-cm mandibular 
defect. 



Table 2 shows the percentage area 
(mean) of the tissue occupying the 
defects in each group that was mineral- 
ized. The differences in mineralization 
between group 1 and the control 
groups (groups 2 and 3) were statisti- 
cally significant at P<.001. 

Biomechanical Testing 

Three-point bend testing of the eight 
paired, nonoperated normal mandibles 
revealed that the mean ratio (right to 
left) for the maximum moments of both 
control hemimandibles (both sides non- 
operated) was 1.057 (SD = 0.116). Us- 
ing a classic analysis of means, this 
mean value is not different from 1.0 
(P=.243). These data verify that the 
bending strength of a reconstructed 
hemimandible can reliably be com- 
pared with the contralateral, nonoper- 
ated hemimandible because the prein- 
jury differences between both sides of 
the mandible were not significant 
statistically. 

Results of the three-point bend test- 
ing performed on the specimens in 
groups 1 and 2 are shown in Table 3. 
The specimens in group 1 demonstrat- 
ed failure in three-point bending at a 
mean maximum moment of 7.4 N-m 
and 22.6 N-m for 3- and 6-month speci- 
mens, respectively. These values were 
9% and 27% of maximum moment val- 
ues of the contralateral (nonoperated) 
hemimandible for the 3- and 6-month 
specimens, respectively. This average 
time effect noted between 3 and 
6 months across group 1 was signifi- 
cant statistically at P=.015. The 
group 1 reconstructed segments dem- 
onstrated a nonlinear relationship be- 
tween moment and displacement, 
which indicates plasticity of the new 
bone. However, the contralateral non- 
operated hemimandibles showed a 
clear linear relationship between initial 
moment vs displacement. Maximum 
moment values for the group 2 speci- 
mens were 0.0 N-m for the 3- and 6- 
month specimens. These values were 
nondetectable due to absence of bone 
formation. The average treatment ef- 
fect noted between groups 1 and 2 
across both time intervals was signifi- 
cantly different statistically at 
P = .0O4. Biomechanical testing was 
not performed on any of the group 3 
specimens, which also showed no evi- 
dence of bone formation and would 



probably yield nondetectable bending 
strengths. 

Mean maximum moment values for 
the mandibular defects reconstructed 
with stainless steel and titanium recon- 
struction plates alone was 14.9 N-m 
and 17.3 N-m, respectively. The mean 
maximum moment of the 6-month 
group 1 specimens (carrier with BMP- 
2) (22.6 N-m) was significantly greater 
than the mean maximum moment of 
hemimandibles reconstructed with 
stainless steel or titanium reconstruc- 
tion plates at P=.017 and P=,093, 
respectively. Expressed as a percent- 
age of the 6-month group 1 specimens, 
the mean maximum moment of the 
stainless steel and titanium plate re- 
constri-jtiont, were 66% and 76%, ( 
respectively. 

COMMENT 

In this study, BMP-2 bone-inducing 
implants were used to reconstruct full- 
thickness segmental mandibular de- 
fects in dogs. The purpose of this study 
was to determine if BMP-2 could in- 
duce host bone formation across a 3-cm 
mandibular defect and provide suffi- 
cient functional stability to allow the 
animals to chew a solid diet, Biome- 
chanical testing was performed to 
quantitate the bending strength of the 
reconstructed segments. Full-thick- 
ness (3-cm) mandibular defects in the 
body of the canine mandible were used 
because this size defect in 22- to 25-kg 
hounds did not heal spontaneously if 
the periosteum around the defect was.- 
resected (pilot study). With no evi- 
dence of significant bone formation in 
the absence of periosteum, 3-cm full- 
thickness defects in this size animal 
can be considered a critical size de- 
fect. 16 Furthermore, a defect at this 
location will readily accept a contoured 
reconstruction plate. The plate provid- 
ed temporary rigid fixation, stabilizing 
the defect and aligning dental occlu- 
sion. With stabilization of the mandi- 
ble, test or control implants could be 
placed in the defects without disrupt- 
ing the preinjury occlusal orientation. 

In previous studies on mandibular 
reconstruction using a canine model, 
teeth at the site of mandibular resec- 
tion were extracted 4 to 16 weeks 
before the actual reconstructive proce- 
dure."' 18 Extraction of teeth was per- 
formed beforehand to permit closure of 
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Fig 6. -Group 1 (6-month specimen). Left, Histologic section demonstrates mineralized bone formation across the entire defect. 
Mineralized bone (68.1% of tissue) represented by black-slained area. Arrows mark edges ot the defect (modified von Kossa's 
stain, original magnification x 0.5). Right, New bone formation demonstrating multiple lacunae (modified von Kossas stain, original 
magnification x25). 




Fig 7. -Group 2 (3-month specimen). Top left, Harvested reconstructed segment shows soft tissue bridging the defect. Note the 
bone erosion where the plate contacted the bone surrounding the mandibular defect (curved arrow). Arrows point to edges of the 
defect. Top right, Roentgenogram demonstrates absence of bone formation. Note the soft tissue bridging the defect. Arrows mark 
edges of defect. Bottom left, Histologic section reveals fibrous tissue bridging defectwlth no bone formation. Curved arrow points 1o 
region of bone resorption. Arrows point to edges of defect (modified von Kossa's stain, original magnification x 0.5). Bottom right, 
Note the islands of residual bone matrix and no bone cell activity. M indicates bone matrix (modified von Kossas stain, original 
magnification x25). 



Fig 8. -Group 2 (6-month specimen). H stologic -~;,T 
section reveals spotty bone formation (curbed §|1 
arrow) within fibrous tissue bridging 3-cni defect 
Arrows point to edges of defect (modified von 
Kossa's stain, original magnification x 0.5). 
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Table 2.— Percentage Area of Defect Replaced by Mineralized Bone 



Type of Implant' 



Table 3.— Results of Biomechanical Testing 



Mean Maximum Moment (N - m) 



Reconstruction Hamlmandlble Hemimandlble 



6_mo 22,6 

2 3 mo 0.0 

6 mo 0£_ 



the gingiva to allow healing of the 
intraoral defect before mandibular re- 
construction. Therefore, a segmental 
mandibular defect could be created 
through an extraoral incision and re- 
constructed without intraoral contami- 
nation. With no intraoral defect, ani- 
mals could be begin oral feedings soon 
after reconstruction. This animal mod- 
el has several drawbacks. The healing- 
period after tooth extraction delays 
the reconstruction for several weeks, 
increasing the cost of daily animal 
care. In the clinical setting, patients 
undergoing major mandibular recon- 
struction after ablative cancer surgery 
or trauma usually require closure of 
intraoral defects at the time of recon- 
struction. Removal of teeth in a first 
stage operation to avoid an intraoral 
suture line does not simulate the true 
clinical setting. 

Tb prevent extensive intraoral con- 
tamination after mandibular recon- 
struction, patients are usually fed via a 
feeding tube for 7 to 14 days. In this 
study, an esophagostomy was created 
to simulate the clinical situation after 
mandibular reconstruction, allowing 
early feeding of the animals without 
gross intraoral contamination. Dogs do 
not tolerate feeding tubes, so the best 
option was to create a feeding esopha- 
gostomy. Not only did the esophagos- 
tomy allow administration of a com- 
plete liquid diet on the third day after 



81.32 9_ 

83.96 27_ 

69.36 0_ 

69.19 0 



reconstruction, but the intraoral su- 
ture line was also exposed to the nor- 
mal intraoral contamination (saliva) 
that would be encountered in the clini- 
cal setting. Exposure of the suture line 
to saliva permitted evaluation of the 
infection rate of BMP-2 implants in a 
clean but not sterile (clean-contami- 
nated) surgical field. After 14 days, 
the animals were given a soft diet by 
mouth with minimal food leakage out 
of the esophagostomy. By 14 clays, the 
intraoral suture lines healed well, with 
little chance of mandibular defect site 
contamination with food particles. 
Furthermore, by day 14 the BMP-2 
implants had a chance to form bone to 
provide some structural integrity at 
the site of reconstruction. 

In this study, no infections of any of 
the group 1 implants (carrier with 
BMP-2) developed, despite implanta- 
tion in a clean-contaminated surgical 
field and primary closure of 3- to 4-cm 
intraoral gingival defects. However, 
local infections of the implants devel- 
oped in three group 2 animals (carrier 
without BMP-2) that required antibiot- 
ic therapy. The absence of infection in 
the BMP-2 implants may be due to the 
chernotactic response initiated by the 
BMP-2 implant. Increased influx of 
inflammatory cells and rapid vascular- 
ization of the implant could act to 
decrease the incidence of infection. A 
low infection rate would make these 



implants much more attractive for clin- 

The mandibles reconstructed with 
BMP-2 implants were functionally sta- 
ble, as demonstrated by the ability of 
the dogs to tolerate a solid diet orally 
after removal of the reconstruction 
plates at 10 weeks. It may have been 
possible to remove the plates earlier, 
but pilot data revealed that plate re- 
moval at 10 weeks allowed sufficient 
bone formation to provide functional 
stability of the reconstructed seg- 
ments. Furthermore, plate removal 
probably increased bone remodeling 
by exerting forces of mastication on 
the reconstructed segment. Lack of 
bone formation and gross instability off 
the reconstructed segments of animals 1 
in groups 2 and 3 (controls) precluded 
plate removal until these dogs were 
killed. 

In dogs, the premolars are used for 
grasping and the molars are used for 
masticating, with the greatest bite 
forces exerted on the first molar. In 
this study, the first molar was re- 
moved at the site of the defect. There- 
fore, the animals may have chewed on 
the opposite side of their mouth, di- 
recting maximum bite forces on the 
nonoperated hemimandible. The man- 
dibular defects reconstructed with 
BMP-2 demonstrated sufficient 
strength to support the forces of masti- 
cation, which translated into a func- 
tionally stable reconstruction. Howev- 
er, a more accurate determination of 
the maximum bite forces that could bef 
supported by the reconstructed seg- 
ment would require osseointegration 
of a dental implant into the new bone. 
This would permit the animal to chew 
on the side of the reconstruction, ex- 
erting maximum bite forces on the 
reconstructed segment. Biomechanical 
testing was performed to provide di- 
rect quantitative testing of the bend- 
ing strength of the reconstructed 
segments. 

The mature portion of BMP-2 is 
highly conserved among species, which 
would indicate few changes between 
human and canine BMP-2. 1 " Immuno- 
reactivity studies revealed no antibod- 
ies to human recombinant BMP-2 in 
any of the animals in this study. The 
absence of circulating antibodies sug- 
gests that (1) the dose used was too 
low to elicit an antibody response, (2) 
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the method of delivering BMP-2 pre- 
vented antibody formation, or (3) ca- 
nine BMP-2 is highly conserved to 
human BMP-2. 

Histologic findings revealed bone 
growth across the mandibular defects 
in the 3- and 6-month animals who 
underwent reconstruction with BMP-2 
implants. The cellular morphologic ap- 
pearance of the osteoblasts was indica- 
tive of active bone formation. The 
BMP-2 implants probably stimulated 
the rapid influx and transformation of 
primitive mesenchymal cells into os- 
teoblasts, resulting in extensive host 
bone formation across the mandibular 
defects. 12 The reconstructed segments 
may have undergone endochondral 
bone formation, initially forming carti- 
lage that eventually underwent miner- 
alization, but earlier time points would 
be needed to verify this. 

Despite the extent of bone forma- 
tion, no evidence of bone formation 
was found beyond the boundaries of 
the defect. This process of induced 
bone formation can be rationalized as a 
controlled response to highly concen- 
trated (supraphysiologic) levels of the 
bone-inducing protein, BMP-2, that is 
also present in host tissue but at a 
much lower concentration. At 6 
months, the morphologic appearance 
and volume density (mineralization) of 
the new bone approached that of the 
normal bone surrounding the defect 
with no evidence of bone resorption. 
Osseointegration of the reconstructed 
segment was complete to the point 
where the interface between the nor- 
mal bone surrounding the defect and 
the bone-inducing implant was difficult 
to identify. 

In the group 2 and S control animals, 
there were complete defects at the site 
of reconstruction that were occupied 
by fibrous scar or callous formation. 
The edges of the defect demonstrated 
a cellular morphologic appearance in- 
dicative of low bone cell activity. The 
lack of bone formation in the control 
animals demonstrates the inability of 
the host to induce any significant bone 
formation across the 3-cm defects in 
the absence of periosteum. The small 
islands of bone that did form were 
along the margins of the gingival mu- 
cosa where small segments of perioste- 
um may have been left behind. 
Quantitative biomechanical testing 



(three-point bend testing) revealed rel- 
atively low biomechanical strength of 
the mandibular defeets reconstructed 
with BMP-2 (group 1) compared with 
the contralateral nonoperated hemi- 
mandible. However, the bending 
strength increased dramatically from 
the 3-month (7.4 N-m) to the 6-month 
(22.6 N-m) specimens. The mean per- 
centage of the tissue occupying the 
defects that was replaced by mineral- 
ized bone correlated with increases in 
biomechanical strength (failure pat- 
terns), as demonstrated by the in- 
crease in mineralization values of the 
6-month specimens (68% mineraliza- 
tion, mean) compared with the 3- 
month specimens (50% mineralization, 
mean). This significant correlation, 
however, was not a direct relationship. 
Furthermore, the degree of plasticity 
of the group 1 reconstructed segments 
decreased with increasing mineraliza- 
tion. These data indicate that the 
bending strength of the mandibular 
defects reconstructed with BMP-2 may 
have been, in part, related to the de- 
gree of mineralization and may in- 
crease with time. Other factors that 
may influence biomechanical strength 
are the architecture of the newly 
formed bone and the character of the 
bone after remodeling. 

The mean width of the new bone 
occupying the defects was only 62% of 
the mean width of the contralateral, 
nonoperated hemimandibles, even 
though the contour of the reconstruct- 
ed segments closely approximated the 
contour of the normal bone surround- 
ing the mandibular defect. This differ- 
ence in width in the transverse plane 
was, in part, due to the increased 
width of the contralateral, nonoper- 
ated hemimandible in the region of the 
first molar. The fact that maximal bite 
forces are applied to the first molar 
may account for the increased width of 
that region of the normal, nonoperated 
canine mandible. 

The bone matrix carrier lacked 
structural stability and was probably 
compressed by the walls of the defect, 
resulting in formation of bone that was 
thinner in the transverse plane. Bio- 
mechanical testing was performed in 
the transverse plane with the lingual 
surface in tension. Therefore, the re- 
constructed segments were tested at 
its weakest point where the bone was 



thinner and then compared with the 
widest segment of the contralateral 
hemimandible in the region of the first 
molar. This critical comparison is im- 
portant, however, because the mandi- 
ble should be reconstructed in a man- 
ner that exhibits biomechanical 
strength comparable with the normal 
mandible to protect against fracture 
due to maximum bite forces and blunt 
trauma. Use of a moldable, less-de- 
forming carrier or a mandibular tray 
that would prevent compression of the 
BMP-2 implant could result in new 
bone that would better match the 
width, and possibly approach the bio- 
mechanical strength of the contralater- 
al hemimandible, 

The mandible is one of the strongest 
bones in the body, requiring high 
forces to elicit a fracture. Because no 
other studies have been published that 
report three-point bend testing on a 
mandible reconstructed with a bone- 
inducing implant, the relatively low 
bending strength of the reconstructed 
segments may actually be comparable 
with other methods of reconstruction. 
One of many presently used methods 
of mandibular reconstruction include 
stabilizing mandibular defects with a 
stainless steel or titanium reconstruc- 
tion plate with or without a bone 
graft. wa In many cases, the recon- 
struction plate alone provides the sup- 
port across the defect because (1) no 
bone graft was used, (2) insufficient 
bone was used, (3) the bone graft 
failed, or (4) the bone graft lacked 
sufficient strength to support the 
forces of mastication. 

To provide clinically relevant com- 
parative baseline data, the biomechan- 
ical strength of 3-cm full-thickness 
mandibular defects bridged only by 
stainless steel or titanium reconstruc- 
tion plates was determined. Assuming 
the cortical screws and plates become 
integrated with the proximal and distal 
edges of the defects, the segment of 
reconstruction plate bridging the de- 
fect should represent the strength of 
the reconstruction. The biomechanical 
strength of the mandibular defects re- 
constructed with BMP-2 implants (6- 
month animals) demonstrated signifi- 
cantly greater biomechanical strength 
than did the hemimandibles recon- 
structed with only a stainless steel 
reconstruction plate. The bending 
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strength of the 6-month group 1 man- 
dibular defects reconstructed with 
BMP-2 implants was also greater than 
the bending strength of the titanium 
plate reconstructions. The biomechani- 
cal strength of mandibles reconstruct- 
ed with BMP-2 must be compared with 
other presently used clinical methods 
(such as autologous bone grafts) to 
help determine what degree of biome- 
chanics] strength can be considered 
acceptable if the strength of nonoper- 
ated, normal mandibles cannot be 
matched. 

Connole et aF stated that the goals 
of mandibular reconstruction should 
include (1) establishment of mandibu- 
lar continuity, (2) establishment of an 
osseous alveolar base for a prosthesis, 
and (3) correction of alveolar and soft- 
tissue deficiencies in preparation for 
prosthetic reconstruction. In this 
study, a canine model was used to 
demonstrate how biocompatible, easy 
to use, BMP-2 bone-inducing implants 
can restore mandibular continuity, es- 
tablish a functionally stable osseous 
alveolar base that could accept a pros- 
thesis (such as dentures), and provide 
acceptable masticatory function. A ma- 
jor advantage to this method of recon- 
struction is that mandibular continuity 
could be established without the mor- 
bidity associated with the defect at a 
bone graft donor site. Other advan- 
tages include the ability to mold the 
bone-inducing implant to reconstruct a 
complex region of the mandible (ante- 
rior arch, angle, and ramus). Future 
studies will involve the insertion of 
osseointegrated dental implants into 
the reconstructed segment to evaluate 
the ability of the new bone to support 
maximal bite forces and eventually 
provide complete oral rehabilitation. 

Of great importance to this study is 
the fact that BMP-2 is a human recom- 
binant protein that is free of contami- 
nating proteins and can be used with- 
out the risk of transmitting any 
infectious diseases. Commercial pro- 
duction of BMP-2 using recombinant 
DNA technology could provide a high- 
quality, uniform product with repro- 
ducible activity that could be manufac- 
tured in large quantities and sold at a 
reasonable cost to the patient. 

Further studies are necessary to an- 
swer other questions about BMP-2 be- 
fore its clinical use. Other carrier ma- 
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terials for BMP-2 that are completely 
biocompatible and bioerodible need to 
be investigated. In this study, com- 
pression of the implants in the trans- 
verse plane resulted in decreased 
width of the bone bridging the defect. 
This bone exhibited relatively low bio- 
mechanical strength, in part due to the 
decreased width of the new bone in 
comparison with the contralateral non- 
operated hemimandible. This problem 
appears to be due to a deficiency in the 
carrier and not the bone-inducing capa- 
bility of BMP-2. 

Polymers such as polylactic acid, 
polygiycolic acid, or combinations 
thereof may prove to be effective carri- 
er materials because they are bioerodi- 
ble, can be formulated to take on many 
different degrees of solidity, and have 
a low degree of tissue reactivity. Syn- 
thetic polymer earners would be far 
superior to a bone matrix carrier, 
which is an allograft and is not ideal for 
clinical use. Furthermore, polymers 
used in the form of a resorbable tray or 
formulated into a nondeformable, 
semirigid carrier material for BMP-2 
could induce bone formation to recon- 
struct a bony defect to its exact dimen- 
sions with increased biomechanical 
strength. 

If BMP-2 implants are to be used to 
reconstruct defects created after abla- 
tive cancer surgery, this factor's effec- 
tiveness in radiated tissues must be 
evaluated. Studies are presently being- 
conducted to evaluate the effective- 
ness of BMP-2 in radiated tissues ex- 
hibiting both acute and chronic radia- 
tion injury. Ultimately, clinical trials 
of BMP-2 will determine the actual 
clinical applicability of these bone-in- 
ducing implants. 
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Institute, Cambridge, Mass. 
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Abstract. Dental pulp cells have the potential to 
differentiate into odontoblasts. The molecular mechanisms 
underlying differentiation are not clear. Demineralized 
dentin matrix is osteoinductive and contains bone 
morphogenetic protein (BMP) activity. BMPs have been 
implicated in embryonic odontogenic differentiation and 
hence may play a role in the differentiation of adult pulp 
cells into odontoblasts during pulpal healing. This study 
examined the hypothesis that BMPs induce dentin 
formation on amputated canine pulp. Recombinant human 
BMP-2 and BMP-4 were capped with inactivated dentin 
matrix on amputated pulp. At two months, the amputated 
pulp was filled with tubular dentin in the lower part and 
osteodentin in the upper part. The amount of dentin formed 
was markedly diminished when dentin matrix alone was 
implanted. These findings imply that recombinant human 
BMP-2 and BMP-4 induce differentiation of adult pulp cells 
into odontoblasts. Thus, BMPs may have a role in dentistry 
as a bioactive pulp-capping agent to induce dentin 
formation. 

Key words. Bone Morphogenetic Proteins-2 and -4, Dentin, 
Dental Pulp, Odontoblasts, Differentiation, Dental Pulp 
Capping, Pulpotomy. 
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Introduction 

Dental pulp tissue retains considerable potential for 
regeneration and repair (Fitzgerald, 1979; for a review, see 
Yamamura, 1985). The precise cellular and molecular 
mechanisms underlying this functional repair are, 
however, still unknown. Similarly, bone is also capable of 
complete repair. The molecular basis of bone repair has 
now been attributed to a family of bone morphogenetic 
proteins (BMPs) based on de novo induction of bone into 
extraskeletal sites. Eight BMPs-namely, BMP-l-BMP-7 and 
osteogenic protein (OP)-2-have so far been cloned and 
expressed (Wozney et al, 1988; Celeste et al, 1990; 
Ozkaynak et al, 1990; Wang et al, 1990; Hammonds et al, 
1991; Ozkaynak et al, 1992; for a review, see Reddi, 1992). All 
BMPs except BMP-1 belong to the transforming growth 
factor-beta (TGF-B) superfamily, a large group of signaling 
proteins with multiple biological activities controlling the 
differentiation of a variety of cell types (Rizzino, 1988). A 
BMP-like activity which induces bone formation is also 
present in dentin matrix (Butler et al, 1977; Conover and 
Urist, 1982; Katz and Reddi, 1988; Mera, 1988; Kawai and 
Urist, 1989; Bessho et al, 1990, 1991). The precise BMPs in 
dentin have not been identified. It is likely that BMPs may 
play a role in dentinogenesis, and in fact Lyons et al (1990) 
have shown that BMP-2 mRNA expression is evident in 
dental papilla and odontoblasts in developing tooth bud. In 
organ culture of dental papilla from 17-day-old mouse 
embryos, BMP-2 stimulates matrix secretion. When 
combined with inactive total EDTA-soluble dentin 
proteins, BMP-2 stimulates odontoblast differentiation 
(Begue-Kirn et al, 1992). Recently, it has been shown that 
BMP-4 mRNA expression is first detected in the 
presumptive dental epithelium and is shifted thereafter to 
the condensed dental mesenchyme. The message is then 
restricted to the pre-odontoblasts during bell stage and is 
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correlated with tooth induction (Vainio el al, 1993). BMP-2 
mRNA expression is Tirst seen in the inner enamel 
epithelium about 3 days later than BMP-4. Then it is shifted 
to the mesenchymal cells of dental papilla and appears in 
pre-odontoblasts during their terminal differentiation, 
suggesting a role in odontoblast differentiation. 
Recombinant BMP-2 or BMP-4 containing agarose beads is 
able to induce BMP-4 expression in the mesenchyme in the 
absence of epithelium, suggesting that BMP-4 is involved in 
the biochemical pathway mediating early inductive 
interactions between the epithelial and mesenchymal 
tissues (Vainio el al. 1993). In view of this, BMPs play an 
integral role in dentin development and morphogenesis. 

Using bovine pulp cell cultures, we have shown that 
BMP-4 mRNA is expressed on day 14 during the increased 
expression of the extracellular matrix protein (Nakashima 
el al, 1994). BMP-2 mRNA is expressed on day 28, when 
pulp cells have already differentiated into pre-odontoblasts. 
Genes for BMP-2 have been cloned from the cells in pulp 
cell culture on day 28 (Nakashima, unpublished data), fn 
vitro, recombinant human BMP-2 increased osteocalcin 




Figure 2. BMP-2 with carrier, the superior part of the cavity. Red 
blood cells and spindle-shaped cells can be seen around implanted 
dentin matrix (M). 



synthesis, BMP-4 increased expression of al(l) collagen 
mRNA, and both BMP-2 and BMP-4 stimulated alkaline 
phosphatase activity. These findings suggest a regulatory 
role for BMPs on the differentiation of pulp cells into pre- 
odontoblasts (Nakashima et al., 1994). Partially purified 
BMP from bone has been shown to induce dentin on the 
amputated pulp (Nakashima, 1990b). It is possible that BMP- 
2 and BMP-4 mRNA may be expressed in pulp 
mesenchymal cells during pulpal wound healing and 
resultant formation of dentin. 

Bio-active pulp-capping agents need to be developed. 
Agents that enhance healing potential of pulp tissue and 
induce the formation of a large amount of dentin over 
exposed pulp which protects from microleakage and pulp 
infection could be clinically useful for direct pulp capping. 
In this communication, we have examined the hypothesis 
that BMPs in dentin matrix may induce dentin formation. 
The results revealed that BMPs may be used as potent bio- 
active pulp-capping agents. 

Materials and methods 

Preparation of samples 

Inactivated demineralized dentin matrix powder with a 
Cuanidine-hydrochloride-extracted particle (200-500 nm 
in size) was prepared from bovine permanent incisors as 
previously described (Nakashima, 1989). Two |xg of 
recombinant human BMP-2 (mol wt, 30,000) and 
recombinant human BMP-4 (mol wt, 32,000) were added, 
respectively, to carriers: 10 mg of inactivated dentin matrix 
powder, 0.5 mg of chondroitin 6-sulfate sodium salt 
(Seikagaku Kogyo Co., Nagoya, Japan), and 250 u,g of acid- 
soluble type I rat tail tendon collagen (Muthukumaran etal, 
1988). The samples were mixed and left for 1 h at room 
temperature before the proteins were dried under vacuum. 
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Figure 3. BMP-2 with carrier, the upper part. Both undifferentiated 
large cells (arrowheads), around implanted dentin matrix (M) and 
attached to matrix (M), and spindle-shaped cells (arrows) 
synthesizing matrix around them can be seen. 



Pulp-capping procedures 

Twelve teeth from 2 young adult dogs weighing 15 kg were 
used. Surgical anesthesia was obtained by intravenous 
injection of 20 mg pentobarbital sodium per kg of body 
weight. The pulps of the upper third incisor and canine and 
of the lower canine were amputated as described previously 
(Nakashima, 1989). BMP-2 with carrier, BMP-4 with carrier, 
and carrier alone were capped into the cavities of four teeth 
on the amputated pulp. The dry samples were moistened 
with saline and transferred to the amputated pulp by a 
small brush. The cavities over the implanted materials were 
filled with Elite* cement (zinc phosphate cement, G.C. 
Dental Industrial Corporation, Tokyo, Japan) and Clearfil® 
(resin composite, Kurare Company, Oka yama, Japan). 

Histological examination 

All of the animals were killed after 2 months. The apical 
two-thirds of the root was immediately removed, and the 
teeth were fixed in 10% formalin. They were then 
demineralized in 10% formic acid, embedded in paraffin, 
sectioned at 4-5 urn, and stained with hematoxylin and 
eosin for routine light microscopy. The extracted teeth were 
evaluated by contact radiography by soft-x-ray apparatus, 
type SRO-M50 (Sofron Company Limited, Tokyo), at 40kV, 
5mA, for 1 min before demineralization. 

Quantitative analyses of newly formed dentin 
We examined relative amounts of newly induced dentin in 
each sample by capturing, through the microscope, video 
images of the histological preparations, 5 sections from one 
tooth, at 150-u.m intervals. Image Grabber 1.15* (Neoteck 
Limited, Eastleigh, Hampshire, UK), installed in a Macintosh 
Quadra 700 (Apple Computer, Cupertino, CA, USA) 
connected to the video camera, was used to digitize the 
images. Using Canvas 3-J" software (Deneba Systems Inc., 



Figure 4. BMP-2 with carrier, the middle part, (a, top) Note [he 
odomoblast-like cells (arrowheads) extending their cytoplasmic 
processes into newly formed tubular dentin (TD). (b, bottom) Note 
osteodentinocytes (arrows) entrapped in osteodentin. 



Miami, FL, USA), we hand-traced the on-screen image 
outlines of pulp tissue and implanted dentin matrix in the 
cavity on the amputated pulp, and the total areas of these 
were determined by Ultimage/24® software (Image & 
Measurement Inc., Mirmande, France). 

Results 

Histological observations 

Two months after implantation of BMP-2 with carrier, there 
is a gradient of cellular response from the bottom of the 
cavity on the amputated pulp to the top (Fig. 1). The cavity 
on the amputated pulp was divided into four parts- 
designated lower, middle, upper, and superior- at 1-mm 
increments from the amputated site. In the superior part of 
the cavity, red blood cells, monocytes, and spindle-shaped 
mesenchymal cells with slender processes containing 
elongated rod-shaped nuclei were observed (Fig. 2). The 
upper part of the cavity was filled with the pulp tissue and 
consisted of loose connective tissue containing capillaries, 
spindle-shaped cells, and undifferentiated large, oval, or 
polygonal cells whose nuclei were weakly stained. Some of 
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Figure 6. BMP-4 
with carrier, I 
after 2 months. I 
Note a large I 
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and a few odontoblasts, osteodentinocytes, and capillaries 
remained in the mineralized matrix (Fig. 5). Some of 
implanted dentin matrix was resorbed. 

Teeth capped with BMP-4 plus carrier showed 
histological results similar to those of BMP-2 plus carrier, as 
described above (Fig. 6). Considerable amounts of 
osteodentin surrounded osteodentinocyte-like cells (Fig. 7a). 
Occasionally, tubular dentin was also seen adjacent to the 
osteodentin (Fig. 7b). In the superior part of the cavity, 
spindle-shaped cells deposited extracellular matrix around 
the cells themselves (Fig. 8). 

In teeth which were capped with carrier alone, all parts 
of the cavity were filled with pulp tissue (Fig. 9). Tubular 
dentin formation was minuscule compared with BMP-2- 
and BMP-4-enriched carrier, although odontoblast-like cells 
lined the implanted matrix in the lower and middle parts of 
the cavity (Fig. 10). Osteodentin formation was rarely seen. 
In all implanted teeth, there was no sign of inflammation or 
dystrophic mineralization in the remaining pulp tissue. 
Some of the newly induced dentin appeared in 
discontinuous zones. 

Radiography 

Contact-radiographic observation (Fig. 11) showed that 
optimal mineralization had occurred in the cavities in teeth 
implanted with BMP-2 and BMP-4. When carrier alone was 
implanted, there was a significantly larger radiolucent area 
compared with that when BMP-2 and BMP-4 were capped. 

Quantitative analyses 

Since there was no sign of inf lamination, the area excluding 
pulp tissue and implanted dentin matrix was regarded as 
newly formed dentin. Therefore, the pulp tissue and 
implanted dentin matrix were traced in definite area from 
lower and middle parts of the cavity on the amputated pulp, 
and the relative areas of newly formed dentin were 
calculated as follows: [Htotal area of pulp tissue and 
implanted matrix)/definite area)] x 100%. The percent 
relative area of BMP-2- and BMP-4-enriched carrier was 80- 
82% compared with 42% in carrier alone (Table 1). 



the large cells attached to the implanted dentin matrix, and 
some of the spindle-shaped cells formed matrix around 
them (Fig. 3). In the middle part or the cavity, regularly 
arranged odontoblast-like, polarized cells with long 
cytoplasmic processes had formed irregular tubular dentin 
(Fig. 4a). Darkly stained osteodentinocyte-like cells with 
round or oval nuclei were embedded in irregular oval 
lacunae, synthesizing extracellular mineralized matrix, 
osteodentin (Yamamura, 1985) (Fig. 4b). The lower part of 
the cavity was filled mostly with irregular tubular dentin, 



Discussion 

This investigation has demonstrated that both recombinant 
human BMP-2 and BMP-4 plus dentin matrix carrier 
induced the formation of a large amount of dentin. The 
newly induced dentin was mostly tubular dentin in the 
lower part of the cavity and osteodentin in the upper part. 
There was a graded cellular response from the bottom of the 
cavity on the amputated pulp to the top, as in previous 
observations from 1 week to 2 months post-operatively 
(Nakashima, 1989). 

"Reparative dentin" is defined as a localized zone of 
dentin that is deposited in non-exposed pulps in response to 
some external stimulation (Cox et al, 1992). Deposition of 
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Table. Relative areas of induced dentin in response to BMPs 



Implanted Materials 


Percent Relative Areas 




Mean±SD 


Carrier alone 


42.4 ±4.4 


BMP-2 with carrier 


807 ±4.1' 


BMF-4 with carrier 


82.1 ±5.5* 



"P < 0.001 (t test), n - 4 (mean of 5 sections used as one sample). 



reparative dentin has been considered to be a consequence 
of either naturally occurring physiologic factors, such as 
occlusal attrition, erosion, abrasion, and aging, or pathologic 
effects, such as caries, periodontal disease, orofacial 
infections, and instrumentation trauma during tooth 
preparation (Beust, 1931). "Dentin bridge" has been used in 
the literature to describe that deposition of a new matrix 
either directly adjacent, or subjacent, to some sort of 
material, such as the pulp-capping agent. Cox et al. (1987, 
1992) have shown, however, that healing of exposed pulp is 
dependent not on the effect of a particular type of 
medicament but rather on the capacity of the capping 
agents to prevent bacterial leakage. The inherent healing 
capacity of the pulp tissue has been suggested by several 
authors (Berman and Massler, 1958; Schroder and Granath, 
1971; Schroder and Sundstrom, 1974; Yamamura, 1985). In 
this manuscript, I have chosen to describe BMP-2- or BMP-4- 
stimulated dentin as "induced dentin" formation. I wish to 
distinguish this from the terms "reparative dentin* 
formation and "dentin bridge" formation, used by 
restorative dentists such as Cox etal. (1992). 

BMP-2 and BMP-4 do not affect proliferation of pulpal 
mesenchymal cells in vitro (Vainio et al, 1993; Nakashima 
et al, 1994), but stimulate differentiation of pulp cells into 
odontoblasts in vitro (Beque-Kirn et al, 1992; Nakashima et 
al, 1994). BMP-2 and BMP-4 induce the expression of Msx-1 
and Msx-2 genes, which function as transcription factors 
controlling the transcription of other genes, suggesting the 
widespread signaling functions of BMP-2 and BMP-4 in 
morphogenesis and organogenesis (Vainio et al, 1993). 
Albumin does not have any effect on proliferation and 
differentiation of pulp cells in vitro (Nakashima, 1992). The 
cavity on the amputated pulp was filled with pulp tissue, 
with little or no induced dentin in vivo in response to 
albumin placement (Nakashima, 1990b). The amount of 
newly induced dentin was much smaller in teeth with 
inactivated dentin matrix than in teeth with BMP-2- and 
BMP-4-enriched carrier (Table 1). BMP-2 with collagen 
carrier induced dentin in a dose-dependent manner 
(unpublished data). These findings suggest that BMP has a 
stimulatory effect on dentin formation. It is clear that the 
cavity was free from bacterial infection due to aseptic 
instrumentation, capping, and double-sealing with zinc 
phosphate cement and Clearfil®, with enamel etching and 




Figure 7. BMP-4 with carrier, the upper part, (a, top) Representing 
osteodentin. Many osteodentinocytes entrapped by mineralized 
matrix within irregular oval lacunae and capillaries can be seen, (b, 
bottom) Representing tubular dentin (TD) surrounded by 
osteodentin (OD). Cytoplasmic process (arrow) of odontoblast-like 
ceil extendinginto tubulardentin (TD). 
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Figure 10. Girrier alone, (he middle parr. Note odontoblast-like 
tells lining implanted dentin matrix (MX forming a small amount 
of tubular dentin (TD). 



bonding which covered the whole buccal lace of the reeth. 
Therefore, the healing sequence in I3MP-2 with carrier and 
BMP-4 with carrier implanted teeth is described as follows: 

(UFibroblast-like cells migrate from underneath 
pulp tissue and proliferate (Fitzgerald, 1979), 
and pulp tissue regenerates on the amputated 
pulp under the proper environment without 
bacterial infection. 



(2) Inactivated dentin matrix provides a local site 
for pulp cells suitable for attachment, 
providing an optimal environment for 
differentiation. 

(3) BMP-2 and BMP-4 stimulate the 
differentiation of the attached cells into 
odontoblasts. 

In teeth which were capped with BMP-2- or BMP-4-enriched 
carrier, the lower part of the cavity was-filled mostly with 
tubular dentin. The implanted 4M-guanidine-extracted 
demineralized dentin matrix is inactive because it is devoid of 
any growth factors and osteogenic protein, as previously shown 
! in vitro (Somerman et al, 1987) and in vivo (Katz and Reddi, 
1988). In teeth which were capped with carrier alone, tubular 
dentin formation was diminished compared with teeth 
implanted with BMP-2- and BMP-4-treated implants. A recent 
work using osteogenic protein-1 (BMP-7) reconstituted with 
type (collagen matrix from cortical bone for direct pulp- 
capping demonstrates not tubular dentin but osteodentin' 
formation over exposed pulp (Rutherford el al, 1993). The 
authors attribute this to its short-term application (6 weeks). 
The adhesion of pulp cells to an appropriate surface may be the 
critical requirement for the appearance of elongated, polarized, 
odontoblast-like cells (Veis, 1985). Biomechanical connection 
between the components of extracellular matrix and the 
intracellular cytoskeletal constituents of peripheral papilla 
cells is critically important in determining their mitogenesis, 
shape, and function (Ruch, 1990). An unmineralized matrix of 
pulpal ectomesenchymal origin synthesized either by original 
odontoblasts or by pulp tissue cells-such as fibrodentin, 
osteodentin, predentin, and demineralized dentin-is essential 
for the initiation of tubular dentin formation in pulpal healing 
(Baume, 1980; Yamamura, 1985; Nakashima, 1989, 1990a,b; 
Tziafas and Kolokuris, 1990; Tziafas et al, 1992). The 
demineralized bone matrix is known to induce osteodentin 
formation on amputated pulp (Sluka et al, 1979) and in pulp 
tissue (Tziafas and Kolokuris, 1990). Therefore, it is likely that 
the increased tubular dentin formation in the present study, in 
contrast to osteodentin formation in teeth which were 
implanted with BMP-7 with collagenous bone matrix 
(Rutherford el al, 1993), might be due to the carrier, dentin 
matrix, rather than to the type of BMP used. 

The present study demonstrated the utility of 
recombinant human BMP-2 and BMP-4 as bio-active pulp- 
capping agents. These morphogenetic factors can induce a 
large amount of dentin on amputated pulp without 
affecting the remaining pulp. Further refinement of the 
delivery system may result in predictable optimal dentin 
induction. 
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